Oedema is a common complication of chronic Background -Renal functional reserve is obstructive pulmonary disease (COPD). The the normal increase in renal blood flow presence of oedema is a poor prognostic sign, after a protein load, and reduced or absent with 60% of such patients being dead within renal functional reserve is an early index five years. 1 The pathogenesis of oedema in of renal impairment. Renal blood flow is COPD remains unclear. It was originally frequently reduced during acute oed-hypothesised that these patients had right ematous exacerbations of chronic ob-ventricular failure secondary to pulmonary structive pulmonary disease (COPD). It is hypertension as a consequence of hypoxia inpossible that patients with severe COPD duced pulmonary vasoconstriction. However, in the stable state may have a reduced in the absence of primary cardiac pathology, or absent renal functional reserve which most patients with COPD have normal or even could be a factor in oedema formation.
forced expiratory volume in one second (FEV 1 )  
The same experienced operator made all the of <1.2 l. Ten of the 16 patients had a history of oedema, although only one had current oed-renal blood flow measurements. The intraobserver variability of the non-invasive ema. They fulfilled the American Thoracic Society criteria for COPD, and had had no acute measurement of renal blood flow was determined by the same operator who took paired exacerbation or change in medication for at least six weeks. They were all current or pre-measurements of renal blood flow in 15 adults which were then compared using a Bland and vious cigarette smokers. Each patient gave informed consent and the study was approved Altman plot. 10 The mean of the difference between the two measurements of PI was only by the hospital ethics committee. Patients with known diabetes mellitus, hypertension, liver or 0.001 with a standard deviation of 0.026. The 95% confidence limits for precision -that is, renal impairment, or current left ventricular failure were excluded from the study. Renal ±2 SD of the mean difference -were thus ±0.052. The mean within subject coefficient impairment was defined as serum creatinine levels of >120 mmol/l and/or the presence of of variation for PI was 2.05%. proteinuria. Current diuretic use was not an exclusion factor. Five normal controls were also recruited from the retired hospital staff   members' association. The controls were non-Fasting baseline renal blood flow was meassmokers with no chronic illness and on no ured. The patients then ate a 250 g steak conmedication; they also gave informed consent.
taining approximately 70 g protein, without added salt, over a maximum of 30 minutes. They also drank 500 ml water. The PI was  recalculated 30, 75, 120, and 165 minutes after Doppler ultrasound examinations were pereating the steak and the minimum PI obtained formed using an Acuson 128 real time ultra-(or maximum value if the PI rose). The maxsound scanner with colour flow and pulsed imum change in PI from baseline was calscanning facility. The patients fasted overnight culated in each subject which represented the and omitted their morning medication, inrenal functional reserve. cluding all inhaled therapy. With the patient in the seated position the right kidney was scanned in the longitudinal plane via the translumbar   route with a 2 MHz probe.
7 8 A renal interlobar The baseline PI value of each subject before artery was identified both from its anatomical the steak meal acted as the control value. As the position and typical sonogram showing the data were normally distributed the Student's t characteristic high diastolic blood velocity. The test for paired data was used to calculate the angle of the ultrasound beam was adjusted significance of differences between the baseline until the maximum Doppler frequency shift and maximum PI. Numerical variables were was obtained. Good quality Doppler signals compared between the control subjects and were obtained in all subjects. Doppler indices, patients with COPD by the Student's t test for including the pulsatility index (PI), were calunpaired data. Variables were also compared culated using the integrated computer software.
by least squares regression analysis. The results The PI is obtained by calculating the difference are given as mean (SD) and a p level less than between the peak systolic frequency shift of the 0.05 was considered significant. Doppler spectrum (A) and the end diastolic frequency shift (B), which is then divided by the mean frequency shift (mean) such that PI= A-B/mean. 9 PI is an index of distal resistance Results Sixteen patients with COPD were studied, of to flow in the vascular bed; the lower the PI, the less the resistance to flow and therefore the whom 10 were men. Their pulmonary function and blood gas data are given in table 1. Ten of greater the rate of flow. It is independent of the vessel diameter and the angle between the the COPD group were hypercapnic (Pa 2 [6.0 kPa) with a mean Pa 2 of 6.7 (0.52) Doppler beam and the vessel axis. There was little variation in the PI with each arterial puls-kPa. Only one patient with COPD had oedema at the time of the study, although 10 patients ation, and the mean of a minimum of three PI measurements from the same interlobar artery had a history of previous oedema and were on long term diuretic therapy, four of whom were was calculated. There was no correlation between the Pa 2 and the maximum change in PI in the patients with COPD (r=0.06, p=NS) but a stronger relationship was found between the Pa 2 and the maximum change in PI (r=−0.34, p <0.05). There was no correlation between the baseline PI and the Pa 2 or Pa 2 , nor was there any correlation between the baseline or change in PI and age.
Discussion
Baseline renal haemodynamics were found to be similar in patients with severe stable COPD and a control group. The control subjects had a fall in distal renovascular resistance after the sistance following the protein load in the COPD group as a whole. Furthermore, in the hypercapnic COPD patients the distal renal resistalso on angiotensin converting enzyme (ACE) ance increased rather than decreased in inhibitors. Five patients with COPD (three of response to protein loading. This suggests that whom were hypercapnic) were on long term patients with severe COPD, particularly those home oxygen therapy and nine patients had who are hypercapnic, have no renal functional home nebulisers. Of the five normal controls, reserve, indicative of abnormal renovascular three were men.
responses. It is known that the normal kidney has the ability to increase the glomerular filtration rate      The baseline (fasting) PI was similar in the and renal blood flow in response to certain stimuli such as an oral protein load, amino control group and in the patients with COPD. The PI fell in all the control subjects after the acid infusion and dopamine infusion.
11-14 This phenomenon is known as the renal functional protein meal by a mean of 19.2% from an initial value of 1.04 (0.19) to 0.84 (0.17) (mean reserve and is defined as the difference between the baseline glomerular filtration rate and/or difference 0.20, 95% confidence interval of difference (CI) 0.14 to 0.27, p <0.001; fig renal blood flow and the maximum value after a protein load. 12 15 A 250 g steak has been suc-1). In the COPD group there was a variable response to the protein load with the group as cessfully used as a protein load in previous studies. 12 16 Renal functional reserve is an index a whole showing no significant change in PI (baseline 1.04 (0.16) rising to 1.08 (0.19), of the capacity of the kidney to increase its function by vasodilatation of glomerular armean difference −0.04, 95% CI −0.11 to 0.04, p=NS). This suggests that the patients with terioles and recruitment of dormant nephrons.
Glomerular hyperfiltration secondary to a high COPD had no renal functional reserve. The change in PI in response to the protein meal protein diet is known to accelerate the progression of renal disease. 17 The mechanisms was significantly greater in the control group than in the patients with COPD (p <0.001).
that cause an increase in both glomerular filtration rate and renal blood flow following The COPD group was subdivided into 10 hypercapnic and six normocapnic subjects protein loading in humans are at present unknown, but the hormones implicated include (table 1). In the normocapnic subjects the PI fell by 0.06 (5.6)% after the steak ingestion glucagon, glomerulopressin, prostaglandins, and angiotensin-2. 18 Changes in the tubular from 1.07 (0.15) to 1.01 (0.16) (mean difference 0.06, 95% CI −0.03 to 0.15, p=NS), handling of sodium may also play a part.
There is no constant value for renal funcwhile in the hypercapnic subjects the PI rose by 0.09 (8.7)% from 1.03 (0.17) to 1.12 (0.21) tional reserve as it has been shown to vary between 10% and 70% of the baseline glo-(mean difference −0.09, 95% CI 0.18 to 0.007) which approached statistical sig-merular filtration rate. 19 Likewise, there is no constant relationship between the glomerular nificance (p=0.06). The change in PI was significantly greater in the hypercapnic than in filtration rate and changes in renal functional reserve; the renal functional reserve may be the normocapnic patients (p <0.05). Of the 10 hypercapnic patients the PI rose after the decreased before any change occurs in the glomerular filtration rate, or it may fall linearly or protein meal in eight cases, was unchanged in one, and fell in only one subject. The maximum variably with the glomerular filtration rate. 20 As progressive renal impairment occurs the renal change in PI in all the controls was at 75 minutes after steak ingestion, while in the functional reserve reaches a zero value at some decreased level of baseline glomerular filtration COPD group the peak change occurred later with only four of the 15 patients reaching their rate. 20 The impairment or absence of renal group.bmj.com on June 27, 2017 -Published by http://thorax.bmj.com/ Downloaded from functional reserve may therefore be an early reduced. 4 24 It is now thought that oedema formation in patients with COPD is multifactorial indication of impaired renal function. To our knowledge there are no previous studies of in origin. A review of 150 cases of COPD found that most of the patients with oedema had renal functional reserve in patients with COPD.
Pulsed Doppler ultrasonography is a rel-hypercapnia. 25 The authors hypothesised that the hypoventilation in these patients leads to atively new technique which has made rapid, repeated, direct, non-invasive measurement of respiratory acidosis which increases renal tubular exchange of hydrogen ion for sodium and renal blood flow possible. The detection of blood flow in the renal interlobar artery can be reabsorption of bicarbonate, leading eventually to fluid retention. Hypercapnia appears to redifficult in the aged obese patient and in those with renal impairment, but the detection rate duce renal blood flow, 2 23 26 while studies on the effects of hypoxaemia have shown variable is higher using the translumbar route.
21 Each recording takes only 2-3 minutes after iden-results. 7 23 26 Reduced renal blood flow in the presence of tification of the interlobar artery and the results are instantly available. The equipment is mod-normal glomerular filtration rate reduces the filtration fraction, leading to sodium and water erately expensive and experience is required to obtain optimal results. However, in most of retention. 27 Reduced renal blood flow also activates the renin-angiotensin activating system, the subjects we had no difficulty in obtaining sonograms of satisfactory quality. Our intra-increasing plasma aldosterone levels with further sodium and water retention and the deobserver precision studies showed linear agreement between repeated measurements of PI velopment of oedema.
2 4 The variable increase in these hormones frequently found in patients with 95% confidence limits for accuracy of 0.052 and a coefficient of variation of 2.05%. with COPD during acute exacerbations 2 3 appears to be secondary to the haemodynamic As all the significant changes in PI were within the precision of our method, one can be 95% changes induced by hypercapnia rather than a primary effect of hypercapnia per se. 3 24 Levels confident that the significant changes in PI were real.
of antidiuretic hormone are also often inappropriately high for the plasma osmolarity in Our methodology allowed us to measure changes in renal resistance only, using the PI, COPD patients with oedema. Hypercapnia can reduce renal blood flow by rather than giving us an absolute measurement of renal blood flow. To measure renal blood several mechanisms. Firstly, it may cause direct renal vasoconstriction. 26 Secondly, hypercapnia flow directly requires calculation of both the vessel diameter and the angle between the Dop-causes peripheral vasodilatation which inactivates the baroreceptors with subsequent pler beam and the direction of flow. The use of Doppler ultrasonography to assess renal noradrenaline release which causes reduced renal blood flow. 3 4 Hypercapnia also increases haemodynamics has been validated against perivascular Doppler cuffs in dogs.
11 In humans noradrenaline levels by direct central sympathetic stimulation. 3 Cardiac output is not it has been validated against PAH clearance.
11 22 23 It has also been used to detect rapid reduced by hypercapnia 3 24 so the reduced renal blood flow caused by hypercapnia is more likely changes in blood flow in the renal interlobar artery in response to dopamine infusion 8 23 and to be due to renal vasoconstriction rather than secondary to a fall in cardiac output. Howes et oxygen administration in patients with COPD. 7 23 Unlike PAH clearance, Doppler al, in an ultrasound study of patients with stable COPD, found that hypercapnic patients had ultrasonography is not dependent on normal renal tubular function and it allows direct in-reduced renal blood flow while the renal blood flow was similar in normocapnic patients and stantaneous assessment of renal haemodynamics. The PI of the interlobar artery has control subjects. 23 However, in our study we found no significant differences in baseline been used previously in studies of renal haemodynamics in patients with COPD 7 and in re-renal haemodynamics between the patients with COPD and the controls, possibly because sponse to dopamine infusion. 8 The PI is an index of resistance to flow in vascular beds our COPD patients had less severe respiratory failure with a mean Pa 2 of 8.1 (1.04) kPa and distal to the point of sampling, thus it is an indirect index of the degree of vasoconstriction. Pa 2 of 6.3 (0.69) kPa, and only two patients had a Pa 2 of ≥7.0 kPa. The fall in PI in our control subjects suggests that they had renal vasodilatation following
The number of patients with COPD in our study was small for subgroup analysis with only the protein meal which failed to occur in the normocapnic COPD patients, while the hyper-10 hypercapnic and six normocapnic patients.
However, the decision to do subgroup analysis capnic COPD patients had increased vasoconstriction after protein loading.
was part of the study design, as one of our hypotheses was that there may be greater imThe mechanisms causing the oedema of COPD are not fully known. Early studies pro-pairment of the handling of a protein load in hypercapnic rather than in normocapnic posed that the oedema was due simply to right ventricular failure secondary to hypoxaemic patients. We feel that the results are of interest as they help to show the abnormal renal haemopulmonary hypertension. 4 However, in hypoxaemic interstitial lung disease oedema rarely dynamics that occur in patients with hypercapnia, and the findings are consistent with develops until the terminal stages are reached. Furthermore, many COPD patients with oed-other studies. 23 Howes et al, also using Doppler ultrasound, have shown that renal blood flow ema have been found to have no evidence of right ventricular hypertrophy at necropsy, 4 and increased acutely in response to oxygen and dopamine infusion in normal controls and in cardiac output is usually normal or only slightly group.bmj.com on June 27, 2017 -Published by http://thorax.bmj.com/ Downloaded from patients with normocapnic hypoxaemic COPD. This absence of renal functional re
